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Aromatic formation in methane combustion is still not well understood. The first step to build kinetic 
models for aromatic formation is to understand fuel-rich oxidation and formation of aromatic 
precursors like acetylene and ethylene in varied temperature and equivalence ratio conditions. This 
understanding is also useful to optimize partial oxidation of methane in fuel-rich conditions. With this 
view, the current work presents investigation of fuel-rich but non-sooting premixed methane/air flames 
for equivalence ratios between 1.7 and 6.0 using a micro flow reactor with a prescribed temperature 
gradient from 300 K up to maximum temperature of 1200 K. Weak flames which represent the ignition 
behavior of fuel were studied. Concentrations of major stable species, CH4, CO, CO2, C2H6, C2H4 and 
C2H2 were measured using a gas chromatograph with a thermal conductivity detector (GC-TCD). 
Computations with 1-D reactive flow model using existing kinetic models, GRI 3.0, SD 2016 (San 
Diego mech), KAUST (USC II) and ARAMCO 1.3 were performed. Change in weak flame structure 
with change in equivalence ratio was studied. KAUST (USC II) predicted the weak flame positions 
very well at both equivalence ratios of 2.0 and 6.0, but species mole fractions were not so well 
predicted. It was found that models with higher rates of CH3+O2 <=> CH2O+OH (SD 2016) and 
CH3+HO2 <=> CH3O+OH (GRI 3.0) predicted upstream weak flame positions and thus higher 
reactivity. However, SD 2016 and GRI 3.0 predicted species mole fractions better, particularly at 
higher equivalence ratios. All the mechanisms used in the current work underpredicted the mole 
fractions of C2H2 by factors of four to five at all equivalence ratios addressed here. Reaction path 
analysis showed significant differences among kinetic models. Particularly, consumption pathways of 
CH3 vary greatly among kinetic models leading to different reactivity. Flexibility and applicability of 
existing mechanisms to predict the current fuel-rich to ultra-fuel-rich CH4 combustion was discussed. 
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Natural gas is considered comparatively clean fuel because it produces less amount of pollutants (CO2 
and particulate materials). Natural gas is used in gas turbines for power production as well as in SI 
engines and industrial furnaces. It is also a potential feedstock for chemical industries to produce value 
added chemicals like acetylene and ethylene through oxidative coupling of methane (OCM) [1]. Its 
partial oxidation (POX) can also be performed in engines in reforming conditions to form syngas, 
formaldehyde and other hydrocarbons [2]. 
Methane is the most important constituent of natural gas. Ignition properties [3-7] and laminar flame 
speeds [7-9] of methane have been extensively studied. Methane has also been used in studies with 
laminar premixed flames [10-15], shock tubes [15-17], flow reactors [17-27] and jet-stirred reactors 
[15, 28, 29] to understand its flame structure and reaction kinetics for a range of equivalence ratios. 
Several detailed kinetic mechanisms have been developed for methane combustion with validations 
using extensive experimental data [30-40]. However, it is difficult to validate these mechanisms for 
very rich premixed methane/air mixtures due to very few experimental data [16, 20, 27] in premixed 
conditions which can be realized in gas turbines or engines. Table 1 shows summary of previous 
experiments in rich premixed methane combustion in various experimental setups. Fuel-rich 
conditions can also be realized in non-premixed and pyrolytic conditions, but, chemistry evolves 
differently in premixed and non-premixed conditions because, generally, the major reactions occur on 
the stoichiometry contour in the non-premixed combustion which is not the case in premixed 
combustion. Hence, it is essential to have chemistry validated under both conditions and this work 
focuses on premixed combustion. In very rich-premixed fuel/air conditions, the flame becomes highly 
sooting which creates certain difficulties in species and temperature measurement by choking the 
sample probe and covering the surface of thermocouples. However, study of combustion in rich 




































































mechanisms of soot and soot precursor formation for methane/air combustion. In this context, species 
measurements in rich mixtures of methane and air have been performed [10-13, 18-19, 38-39] and 
mechanisms for PAH (Polycyclic Aromatic Hydrocarbons) and soot formation have been proposed 
[14, 36-40]. These models have been validated for highest equivalence ratio of 3.3 for methane/air 
mixtures using results reported in [10-13, 18]. Additionally, OCM or POX is performed for methane 
to produce syngas, acetylene, ethylene and other hydrocarbons. Generally, OCM is catalytic and POX 
is performed for lean methane/air mixtures. However, in recent times, partial oxidation of rich mixtures 
of methane and air are also being used to produce chemicals and power [2]. In this context, rich 
methane/air mixtures are studied in partial oxidation conditions in flow reactors [21-27]. In POX 
conditions in a turbulent flow reactor, acetylene concentrations were measured for equivalence ratios 
between 2.6 and 3.2 [21] and maximum temperature between 1800 K and 2000 K. The results showed 
a continuous rise in acetylene mole fraction. Furthermore, it was concluded based on computations by 
Leeds mechanism [35] that acetylene would have a maximum at equivalence ratio of 3.6 [21]. In a 
highly sooting methane/air flame [22] of equivalence ratio 3.08-3.64 and maximum temperature of 
1800 K, it was observed that acetylene production by existing mechanisms were overpredicted in post 
flame where temperature was around 1600 K and underpredicted close to burner where temperature 
was less than 1400 K. Acetylene was also overpredicted by existing mechanisms in a flow reactor at 
maximum temperatures above 1400 K [24]. It seems the general problem is 
underprediction/overprediction of acetylene concentration in methane combustion at temperature 
below/above 1300-1400 K. Species measurements (using GC-TCD) were performed in a laminar flow 
reactor for methane undergoing oxy-fuel combustion at equivalence ratio of 1.42 and 5.0 [27], but 
ethylene and acetylene measurements were not reported, and ethane concentration was negligible at 
temperatures above 1100 K. It seems difficult to measure all C2 species in rich-premixed methane 




































































rich-premixed methane combustion at low temperatures, a more reactive species (e.g. n-heptane [16] 
or C2H6 [27]) is added to increase the formation of target species. Also, species measurements in ultra-
rich conditions has been done at few discrete equivalence ratios [16, 20, 27] (see Table 1). Hence, it is 
needed to measure and clarify the C2 species formation below 1300 K over a range of fuel-rich 
equivalence ratios in methane/air flames. In the present work, a micro flow reactor with a controlled 
temperature profile is adopted to investigate oxidation and C2 species formation in fuel-rich to ultra-
fuel rich methane/air flames. 
Table 1. Summary of relevant previous experiments on rich premixed methane combustion 
Experimental 
setup 
Mixture Eq. ratio T_max (K) References 
Jet stirred reactor CH4/C2H6/O2/ N2(>98%) 1.5 1100-1500 [15] 
CH4/C2H6/C3H8/O2/ N2 
(>98%) 
2 1100-1500 [28] 
Plug flow reactor 
CH4/H2O/O2/N2 (>98%) 3.33 1073-1823 [19] 
CH4/H2O/O2/N2 (>98%) 1.44-2.73 1073-1823 [18] 
CH4/O2/ N2 (>98%) 19.7 450-900 (100 
bar) 
[20] 
CH4/C2H6/O2/Ar (25%) / 
CO2 (>74.3%) 
5.0 773-1673 [27] 
CH4/O2/ Ar (>99%) 2.5 1000-1800 [24] 
CH4/O2/ Ar (85.7%) 2 532-992 [17] 
Shock tube CH4/O2/ N2/Ne 10 1300-1600 (30 
bar) 
[16] 
CH4/O2/DME or n-C7H16 
Ar (75.9%)/He (20%) 
2 1600-2000 [17] 
Burner stabilized 
premixed flame 
CH4/O2 2.20-2.60 1900-2000 [10] 
CH4/O2 2.67-3.33 2000 [21] 
CH4/O2/ Ar (45.0%) 2.0-2.4 1600 [11] 
CH4/O2/ Ar (45.3%) 2.5 1523 [12] 
Micro flow reactor 
with a controlled 
temperature profile 
CH4/Air (No dilution 
needed as in other 
reactors) 




































































1.1 Micro flow reactor with a controlled temperature profile: Features and advantages 
To study combustion of ultra-rich fuel/air mixtures at maximum temperatures below 1400 K, a micro 
flow reactor with a controlled temperature profile [41-43] (called MFR hereafter) has also been used 
earlier. The present MFR uses a new way to control temperature profiles in the premixed combustion 
system and was developed as a result of micro-combustion studies. The MFR consists of a quartz tube 
of an inner diameter less than ordinary quenching diameter of employed mixtures (usually 2 mm). The 
reactor tube is heated externally to generate a stationary temperature profile in axial direction of the 
reactor (See Fig. 2 for the schematic of experiment). Due to high heat capacity of reactor tube and low 
Peclet number, the gas phase temperature is strongly dominated by the prescribed wall temperature 
profile and helps keep similar temperature profile irrespective of employed fuel/air mixture. 
Three different branches of flame propagation were observed in MFR depending on the inlet velocity, 
Uinlet of mixture [44]: normal stationary preheated premixed flames at Uinlet > 35~40 cm/s; non-
stationary and dynamic flames termed as FREI (flame with repetitive extinction and ignition) for Uinlet 
in the range of 10~40 cm/s; stable and stationary flames of very weak luminescence called as weak 
flames at Uinlet < 8 cm/s. Weak flames represent the ignition-related property of given fuel/air mixture, 
because weak flames are on the ignition branch of the Fendell curve at elevated temperature [45]. 
Weak flames enable stationary flame observation which consists of low-temperature oxidation (LTO) 
to high-temperature oxidation (HTO) of various fuels. Diffusion of species is considered in the 
modeling of MFR, while it is neglected in ignition delay computations of usual ignition delay 
measurement experiments (shock tube and RCM etc.). Multiple stationary flames were observed in 
the MFR for n-heptane which shows multi-stage ignition process [46]. Weak flames of various fuels 
have been studied using the MFR [46-54]. Weak flames of a stoichiometric methane/air mixture [51] 
and ultra-lean methane/oxygen/diluent [54] mixtures have also been reported.  




































































combustion heat release is extremely low and thus negligible change in gas and wall temperature. (For 
instance, Uinlet = 2 cm/s in tube with inner diameter of 2 mm will correspond to CH4 flow rate of 9.6
×10-7 mol/s (for equivalence ratio of 6.0) in the mixture which is approximately equivalent to power 
of 0.1 W which is too low to cause any appreciable change in temperature.). Dilution is not needed in 
MFR. However, the reactant flow is heavily diluted in laminar flow reactor experiments for kinetic 
studies to minimize heat release. Thus, the relevant species concentration will be much higher for the 
same sampling volume in MFR experiments compared to those in traditional laminar flow reactor 
experiments. In addition, a general laminar flow reactor system always needs to accommodate some 
difficulties in managing the possible sources of errors for inlet boundary conditions due to pre-
reactions, non-ideal mixing and finite-rate thermalization before entering mixtures to the reactor inlet 
for the zero-dimensional plug flow simulation [55], whereas, the present MFR system does not have 
such problem because well-mixed premixtures at room temperature are supplied to the reactor and the 
region of a well-controlled temperature ramping is included in the 1-D simulation. The effect of radical 
quenching on the gas-phase reaction has also been studied and found to be negligible in MFR [56] and 
quartz micro channel [57]. So, radical quenching can be neglected in MFR. 2-D axisymmetric 
computations were also conducted [56] and no significant differences were seen between 1-D and 2-
D simulations. Thus, 1-D simulations can be successfully used to model MFR. 
1.2 Objectives and merits of current work 
In our previous work using MFR [43], it was found that visually observed sooting lengths for 
methane/air mixtures did t change with increasing equivalence ratio beyond 3.0. However, the 
computations showed a sharp decline in PAH (e.g. Pyrene) formation beyond equivalence ratio 2.0. 
To understand aforesaid discrepancy, we first need to clarify the formation of small and non-aromatic 
species which can affect soot formation process in ultra-rich premixed methane/air mixtures of 




































































with fuel-rich fuel/air mixtures are impossible to be performed at such low temperatures since ordinary 
flames cannot be self-stabilized, thus, the current approach with MFR is completely new and can give 
us newer insights regarding the initial stage of reactions of fuel-rich fuel/air mixtures before soot 
formation. The current MFR enables experiments over wide range of equivalence ratios well beyond 
ordinary rich flammability limits of laminar flames. So, in this work we undertake weak flames and 
species measurement for fuel-rich to ultra-fuel-rich methane/air mixtures in the MFR. The motive of 
changing parameters from our last work [43] is depicted in Figure 1. Uinlet is lowered to 2 cm/s to 
expand the reaction zone and get weak flames with negligible temperature rise by gas-phase heat 
release (See supplementary data for comparison between wall temperature and computed gas phase 
temperature). Soot formation was observed at temperatures above 1250 K in the MFR. The lowered 
maximum temperature of 1190 K helps to prevent soot formation at all fuel-rich equivalence ratios. 
Due to no soot formation in current conditions, the sampling could be done of purely gas phase species 
unaffected by soot formation which can cause problems in sampling process. The employed maximum 
temperature of 1190 K is close to onset of sooting. The current data presents information of species 
formation very close to sooting onset in terms of temperature. The current species measurements were 






































































Fig. 1. Idea behind the current work explaining change of parameters from our previous work [43] 
 
In the current work, major C1-C2 species (CH4, CO, CO2, C2H6, C2H4 and C2H2) in fuel-rich 
methane/air mixtures for various equivalence ratios between 1.7 and 6.0 were measured using a gas 
chromatography with a thermal conductivity detector (GC-TCD). Luminosity profiles of weak flames 
were also recorded for rich methane/air mixtures at equivalence ratio of 2.0 and 6.0. Computations 
were performed using various existing mechanisms (GRI 3.0 [30], KAUST [39] based on USC II [31], 
SD 2016 [33] and ARAMCO 1.3 [34]) and compared with experimental results to identify important 
kinetics of fuel-rich to ultra-fuel-rich methane/air mixtures. 
2. Experimental method 
Figure 2 shows a schematic of MFR. The setup consists of a quartz tube of inner diameter of 2 mm 
which is heated externally by a H2/air premixed flame. The external heating creates a stationary 
temperature profile along the inner wall of the reactor. This temperature profile is shown in Fig. 3 and 
was measured along the inner wall of the reactor by inserting a sheathed K-type thermocouple from 
the end of the reactor prior to experiments. The uncertainty in temperature measurement is no more 
than 20 K at any location. 
Uinlet= 10 cm/s
600 1000 1300 1330 1300
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Fig. 2. A schematic of experimental setup. 
 
Table 2. Experimental conditions 
Equivalence ratio CH4 (%) O2(%) N2(%) Volume flow rate (cm3/s)  
1.7 15.15 17.83 67.02 0.06 
2.0 17.36 17.36 65.28 0.06 
3.0 23.96 15.98 60.06 0.06 
4.0 29.58 14.80 55.62 0.06 



















































































Fig. 3. Temperature profile measured in experiments and used in computations. 
 
Experiments were performed for CH4/air mixtures at equivalence ratios of 1.7, 2.0, 3.0, 4.0 and 6.0. 
The mixture conditions and flow rates of mixtures used in the present experiment are presented in 
table 2. The maximum temperature was kept at around 1190 K to eliminate the soot formation even at 
highest equivalence ratio of 6.0. Inlet mean flow velocity was kept constant at 2 cm/s for all 
equivalence ratios. Methane (CH4) gas of purity greater than 99.999 % was used. A synthesis mixture 
of N2 and O2 in the ratio 79:21 was used as oxidizer (air) to eliminate the effects of contamination (ex. 
water vapor) on the reactive system. Two separate mass flow controllers were used to control the flow 
rates of methane and air. All experiments were performed at atmospheric pressure.  
Weak flames of CH4/air mixtures were imaged for equivalence ratio of 2.0 and 6.0. The 
chemiluminescence from weak flame was captured using a digital still camera, Nikon D-400 with a 
CH band-pass filter. 
Species measurements were performed for all the equivalence ratios using a Shimadzu GC-2014 

























































































at axial location of 11 cm where temperature was 393 K. The sampling was performed using an online 
gas sampler unit with sample loops and switching valves. Sampled gas was stored in the sample loop 
with volume of 250 microliters and then it was directly fed to the GC. The sampling unit and sampling 
line were maintained at 393 K to eliminate condensation of water vapor. In the GC, SHINCARBON-
ST, packed column of length 2 m was used. Helium was used as the carrier gas and its flow rate was 
50 ml/min. The GC oven was kept at a constant temperature of 423 K for whole analysis time. 
Temperature of TCD was set at 483 K. Six species were measured, namely, CH4, CO, CO2, C2H6, C2H4 
and C2H2. The species were quantified by calibrating against prepared calibration curve. Calibrations 
for CH4, CO, CO2, C2H6 C2H4 and C2H2 were performed using standard mixtures. More than 92% of 
the carbon supplied at the inlet was captured by the present C1-C2 species measurements. Experiments 
were repeated three to five times for each equivalence ratios and uncertainty in species measurement 
was defined by the scatter of the data. 
3. Computational method 
The flow in the reactor was modeled as a steady, one-dimensional reactive flow. Axial diffusion is 
considered, and radial diffusion is neglected due to very low Peclet number. The one-dimensionality 
of the flow was already validated by previous 2-D simulations under similar conditions in a micro 
flow reactor [56]. The computations were performed using a PREMIX [58] package of ANSYS 
CHEMKIN-Pro v17.2. Convective heat transfer between the wall and the inner gas flow was 
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The measured wall-temperature profile shown in Fig. 3 is used as Tw in energy equation, eq. (1). The 
computational domain was 11 cm long. Computations were performed at atmospheric pressure, inlet 





































































Computations were performed primarily using four detailed chemical reaction mechanisms: GRI 3.0 
[30], San Diego mechanism (SD 2016) [33], KAUST mechanism [39] and ARAMCO 1.3 [34]. GRI 
3.0 was used because it is still a widely used mechanism in industries. SD 2016 mechanism was used 
because it gave good predictions for weak flame positions of methane in the micro flow reactor in lean 
conditions [54]. ARAMCO 1.3 and KAUST (USC II) mechanism were used as it gave good 
predictions of flame position in rich flames of C1-C4 n-alkanes in our previous work [43]. Additionally, 
a recent kinetic model FFCM-1 [32] is used for weak flame computations to compare its performance 
with other models. Weak flame position in computations was defined as position with maximum heat 
release rate. Computed mole fractions at the end of reactor (axial location of 11 cm) were compared 
with experimentally measured species mole fractions. Soot formation models and reaction models 
with aromatic formation pathways need not be considered here because the emphasis is on formation 
of C1-C2 species prior to soot formation. Nonetheless, we test KAUST mechanism which was 
developed based on USC II [31] by adding PAH formation reactions until coronene. Radical quenching 
can be assumed to be negligible in the experimental conditions employed in present work, as described 





































































4. Results and discussion 
Before discussion on comparison between measured data and computational results with the detailed 
mechanisms, species profiles are presented to show characteristics of measurement. 
 
Fig. 4. Computed profiles of mole fractions of CH4, CO, CO2, C2H6, C2H4 and C2H2 at ɸ =1.7 and 6.0 
with SD 2016. The solid triangles represent the sampling location. 
 
Figure 4 shows computed profiles of the mole fractions of CH4, CO, CO2, C2H6, C2H4 and C2H2 at 
equivalence ratios of 1.7 and 6.0 with SD 2016. The sampling location for experiments are represented 
by solid triangles. All the species reach a constant mole fraction before reaching the sampling location 
which indicates that reactions are quenched at the sampling location. Generally, it is required to freeze 
the reactions before the sample can be processed for species measurement. Current measurement 
represents cumulative species formation across the reaction zone. The comparison of species mole 




















































































































































4.1 Weak flame positions and species measurements: Experiments and computations 
Figure 5 shows comparison between experimental luminosity profile and computational heat release 
profiles computed using the five mechanisms for methane weak flame at ɸ = 2.0 which is moderately 
fuel-rich and ɸ = 6.0 which is ultra-fuel-rich. The peak of luminosity profile shifts downstream with 
increase in equivalence ratio. Wider luminous region at ɸ = 6.0 is seen compared with that at ɸ = 2.0. 
At ɸ = 2.0, heat release rate profile computed using KAUST (USC II) mechanism agrees well with 
a       a    a  ition correctly. SD 
2016 and GRI 3.0 predict upstream flame position with comparatively sharper peaks indicating 
overestimation of reactivity of methane. ARAMCO 1.3 mechanism predicts downstream flame 
position, thus, underpredicting reactivity of methane at ɸ = 2.0.  
 
Fig. 5. Experimental luminosity profile (top) and computed net heat release rate profiles (bottom) 
using the five considered mechanisms for methane at ɸ = 2.0 and 6.0. 
At ɸ = 6.0, KAUST and ARAMCO 1.3 show similar profiles of heat release and agree well with 
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release rate profile as compared with experiments and overpredict the reactivity of methane. All the 
kinetic models, except SD 2016 predict the downstream shift in flame position with increase in 
equivalence ratio. Overall, flame position is well predicted by KAUST (USC II) mechanism. There is 
large discrepancy among the models for prediction of the flame position which has also been earlier 
observed in methane/air mixtures at inlet velocity of 10 cm/s in MFR [43]. 
The order of weak flame positions of methane/air mixture as computed with kinetic models (more 
upstream is the computed weak flame position, more is the reactivity of methane/air mixture) changes 
with equivalence ratio. At ɸ = 2.0, the weak flame position is computed in order: GRI 3.0 > SD 2016 
> KAUST (USC II) > ARAMCO 1.3, whereas, at ɸ = 6.0, it is computed in order: SD 2016 > GRI 3.0 
> KAUST (USC II) ~ ARAMCO 1.3. For lean methane flames in MFR, SD 2016 gives very good 
prediction of weak flame positions [54], whereas for fuel-rich methane/air weak flames, it overpredicts 
the reactivity. 
Another recent kinetic model, FFCM-1 is also tested and its heat release rate profile predictions are 
shown in Figure 5 for comparison with other models. Its weak flame position prediction at ɸ = 2.0 is 
at downstream compared to experiments. At ɸ = 6.0, its weak flame position prediction is similar to 
KAUST (USC II) or ARAMCO 1.3 but its heat release rate is least. Consequently, its mole fractions 
predictions are farther from experiments (not shown here). Hence, this model is not included in further 
discussion. However, this result can serve as an information if future modification of this model is 
desired in current conditions. 
Figure 6 shows comparison between measured and computed mole fractions of all the measured 
species at equivalence ratios of 1.7, 2.0, 3.0, 4.0 and 6.0. Mole fraction of CH4 increases with 
equivalence ratio. GRI 3.0 and SD 2016 show excellent quantitative agreement with experiments for 
ɸ = 3.0, 4.0 and 6.0 but slightly overpredict for ɸ = 1.7 and 2.0. KAUST mechanism predicts the mole 




































































CH4 mole fractions at all the equivalence ratios.  
The measured CO mole fraction first increases with increasing equivalence ratio from 1.7 to 2.0 and 
then decreases with further increase in equivalence ratio. GRI 3.0 and SD 2016 qualitatively agree 
with experiments but slightly underpredict CO mole fractions. KAUST mechanism predicts CO mole 
fraction well for equivalence ratio 1.7 and 2.0 but at higher equivalence ratios the decline is much 
sharper than experiments which leads to larger underprediction at higher equivalence ratios. 
ARAMCO 1.3 does not show the peak of the CO mole fraction at equivalence ratio of 2.0 and 






































































Fig. 6. Comparison between measured and computed mole fractions of all the measured species for ɸ 
=1.7, 2.0, 3.0, 4.0 and 6.0 at the end of reactor (axial location 11 cm). 
 
CO2 mole fractions decrease continuously with increasing equivalence ratio. GRI 3.0 predicts CO2 
mole fractions well. SD 2016 underpredicts the CO2 mole fractions but the discrepancy with 
experiments reduces with increasing equivalence ratio. KAUST and ARAMCO 1.3 underpredict CO2 

































































































































































































































Mole fractions of C2H6 increase with equivalence ratio. Experimental mole fractions of C2H6 at 
equivalence ratios of 1.7 and 2.0 are not shown because they were below the detection limit of the 
present measurement. SD 2016 shows excellent prediction of C2H6 at all equivalence ratios. GRI 3.0 
predicts C2H6 mole fractions well for ɸ =3.0 and 4.0 but overpredicts slightly at ɸ = 6.0. KAUST and 
ARAMCO 1.3 overpredict C2H6 mole fractions at all the equivalence ratios by a factor of two to three. 
The measured mole fraction of C2H4 increases with increasing equivalence ratio. GRI 3.0 predictions 
for C2H4 mole fractions agree very well with experiments at all the equivalence ratios. SD 2016 shows 
similar trend as experiments but overpredicts C2H4 mole fractions at all the equivalence ratios. KAUST 
and ARAMCO 1.3 predict that C2H4 mole fractions would peak at equivalence ratio around 4.0 and 
do not qualitatively agree with experimental results.  
The measured mole fraction of C2H2 increases with increasing equivalence ratio from 1.7 to 3.0 and 
remains almost constant on increasing equivalence ratios from 3.0 to 6.0. It should be noted that there 
is no drop in C2H2 mole fractions with increase in equivalence ratio as was predicted by earlier work 
[22]. If the target is to maximize C2H2 production, equivalence ratio between 3.0 and 4.0 would be 
a  a   a   a  a   a   a  C2H2 production. There are large 
discrepancies between experiments and computations. All four mechanisms used in the current work 
underpredict C2H2 mole fractions by a factor of around four to nine at all the equivalence ratios. 
Underprediction of C2H2 mole fractions has also been observed in past studies at lower temperatures. 
Such underprediction of C2H2 mole fractions may be one of the reasons for larger underpredictions in 
aromatic species under similar conditions [43], where it was found that in sooting methane/air flames 
the mole fraction of aromatic specie drops off significantly with increase in equivalence ratios beyond 
2.0. 
None of the used models predicted both the weak flame and species mole fractions well for rich to 




































































mole fractions well. The kinetic models which overpredicted the reactivity of mixture, predicted 
species mole fractions better than other models, particularly at ultra-fuel-rich equivalence ratios. 
Overall, the computations fairly reproduce the qualitative trends of measured species mole fractions 
with variation in equivalence ratios and predict mole fractions within a factor of two to three. However, 
a major issue is prediction of C2H2 mole fractions. These models are not calibrated for such rich to 
ultra-rich methane/air flames, and at intermediate to low temperature conditions. The models can be 
improved further through experimental data in such conditions and current MFR is one of the 
alternatives to generate such experimental data. In the next section, a detailed analysis of the kinetic 
models in current conditions is presented, which can provide future guidelines for improving and 
expanding the range of applicability of the kinetic models.  
 
4.2 Analysis of kinetic models 
4.2.1 Heat release rate analysis for weak flames: effect of equivalence ratio  
Since, KAUST (USC II) mechanism heat release rate profiles agree well with experimental luminosity 
profiles at both equivalence ratios, major reactions responsible for heat release are presented here to 
understand the effect of equivalence ratio on reactivity and structure of rich methane/air weak flames. 
Weak flames at stoichiometry are also presented as a reference to understand the shift in major 
reactions as equivalence ratio increases from stoichiometry to rich to ultra-rich. Figure 7 shows heat 
release rate profiles for ten most important reactions for heat release rate at ɸ = 1.0, 2.0 and 6.0. 
Reactions from H2-O2 system, particularly H+O2 <=> O+OH, which are very important at 
stoichiometry, are not important for heat release in rich conditions and their importance decreases with 
increasing equivalence ratio. One exception from H2-O2 reaction system is decomposition of H2O2 
which is an important endothermic reaction in fuel-rich conditions. CH3 recombination is important at 




































































at fuel-rich conditions. At stoichiometric conditions, CH3 oxidation by O is important, whereas, at rich 
conditions CH3 oxidation by HO2 and O2 (at ultra-fuel-rich conditions) are important for heat release. 
CH4 consumption by OH is also an important reaction for heat release at fuel-rich conditions. 
Formation of CO2 which is an important reaction for heat release in stoichiometric conditions is 
replaced by CO formation reaction in fuel-rich conditions because CO2 is major product at 





































































Fig. 7 Heat release rate profiles for major reactions affecting heat release using KAUST (USC II) 
mechanism for methane at ɸ = 1.0, 2.0 and 6.0. 





























































































































































which produce OH radicals and H atoms respectively.  
Heat release rate profiles of major reactions are presented for SD 2016, GRI 3.0 and ARAMCO 1.3 at 
ɸ = 2.0 and 6.0 in the supplementary data file. However, here we will be concerned with two very 
important reactions which lead to difference among models, CH3+O2 <=> CH2O+OH (say R1) and 
CH3+HO2 <=> CH3O+OH (say R2). Rate constants of these reactions differ widely among the four 
considered kinetic models as can be seen from Figure 8.  
   
  







Srinivasan et al. (2007)[59]
Srinivasan et al. (2005) [60]
Zhu et al. (2001) [61]
Yu et al. (1995) [62]
Zellner and Ewig (1988) [63]




























Yan et al (2015) [66]
Hong et al (2012)[67]
Jasper et al (2009)[68]
Scire et al (2001)[69]























































































CH3O+OH used in considered kinetic models. 
Figure 9 shows heat release from CH3+O2 <=> CH2O+OH (R1) and CH3+HO2 <=> CH3O+OH (R2) 
for all kinetic models at ɸ = 2.0 and 6.0. Kinetic models which predict upstream heat release i.e. GRI 
3.0 and SD 2016, have comparatively higher contribution to heat release from either of reactions R1 
or R2 at both ɸ = 2.0 and 6.0. SD 2016 shows higher heat release from R1 compared to other models. 
GRI 3.0 shows higher heat release from R2 compared to other models. One of the reasons for 
aforementioned higher heat release rate is significantly higher rate constant prescribed for R1 and R2 
in SD 2016 and GRI 3.0 respectively. (Obviously, heat release from a reaction also depends on mole 
fractions of reactants (which will depend on other reactions) and thermochemical properties of 
involved species.) Both, R1 and R2 also produce OH radicals which increase the reactivity of fuel/air 
mixture. SD 2016 shows no shift in peak heat release position from R1 on increasing equivalence ratio, 
whereas, GRI 3.0 shows shift in peak heat release position from R2 on increasing equivalence ratio. 
This is because the reactant O2 in R1 is present in initial mixture, whereas, the reactant HO2 in R2 is 
not. Thus, a higher heat release from R1 in SD 2016 shifts the reaction zone to upstream, and, also 
leads to increase in heat release by other reactions like CH4+OH <=> CH3+ H2O or R2 by increasing 
OH and thus CH3 concentration respectively. However, both SD 2016 and GRI 3.0 overpredict the 
reactivity of rich methane/air weak flames, thus, the rate constants of R1 and R2 should not be as high 
as used in SD 2016 and GRI 3.0 respectively. This has already been realized and lower rate constants 
for R1 and R2 are being used in recent detailed models like USC II and ARAMCO 1.3 as shown in 
Fig. 8. Fuel-rich methane/air weak flames show direct influence of using significantly higher rate 
constants for R1 and R2. 
 In summary, R1 and R2 are very important reactions for prediction of flame position in the present 
micro flow reactor. These reactions were also found important for ignition of methane/air mixtures at 




































































low temperature through CH3O2. This pathway does not contribute to heat release rate so much while 
it showed high sensitivity to reactivity [34]. Further investigations on the balance between reactions 
of CH3 to form CH3O, CH2O and CH3O2 are necessary to successfully predict methane oxidation at 
low temperature and fuel-rich mixture conditions.  
 
 
Fig. 9. Heat release rate profiles from CH3+O2 <=> CH2O+OH and CH3+HO2 <=> CH3O+OH for 
the four considered kinetic models at ɸ = 2.0 and 6.0.  
 
4.2.2 Reaction path analysis: effect of equivalence ratio 
Major reaction pathway in methane combustion is relatively well known at both high and low 
temperatures and are also presented in text books on combustion [71]. However, none of the kinetic 
models predicted all the species very well for the current experiments for rich mixtures at intermediate 
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path analysis non-obvious. So, a comparative reaction path analysis is presented to understand the 
difference among mechanisms concerning methane combustion at intermediate temperatures. Two 
equivalence ratios of 2.0 and 6.0 were chosen to outline the reaction pathways at moderately rich and 
extremely rich methane combustion respectively explaining the effect of equivalence ratio on 
alternative pathways.  
In rich conditions, both oxidation and pyrolysis reactions are found to be important.  
C1 species reaction path 
Integrated reaction path analysis using the four considered mechanisms for oxidation part of methane 
combustion, where C1 species are formed and consumed is shown in Fig. 10. Due to rich equivalence 
ratio and intermediate temperature conditions, the observed formation/consumption pathways for 
species in the major reaction pathways are notably different compared to high temperature conditions 
[71, 38].  
Total CH4 consumption decreases at ɸ =6.0 compared to ɸ =2.0 for KAUST and ARAMCO 1.3 
a ,   a    SD 2016 a  GRI 3.0. CH4 is mainly consumed by OH attack in 
all the mechanisms even at equivalence ratio of 6.0 as seen from Fig. 10 even though H radical 
concentration is much higher compared to OH concentration (see Fig. 13). This is different from the 
high-temperature premixed flame methane consumption in rich conditions where CH4 is mainly 
consumed by H attack [38]. This can be due to lower activation energy of OH attack compared to H 
attack on CH4 which makes the first reaction more significant at lower temperatures. H radical attack 
on CH4 is the second most important reaction for CH4 consumption followed by O and HO2. The rate 
of reaction of HO2 with CH4 is as important as the reaction of O radical with CH4, which is an important 
characteristic of intermediate temperature reaction pathways. The contribution of OH attack towards 
CH4 consumption decreases with increase in equivalence ratio for USC II and ARAMCO 1.3 whereas 




































































towards CH4 consumption decreases with increase in equivalence ratio, whereas the contribution of 
HO2 attack increases with equivalence ratio for all the four models. 
 
Fig. 10. Integral reaction path for major C1 species formation in premixed CH4/air flame for ɸ = 2.0 
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integrated over reaction zone. The relative contribution of various reactions for consumption of a 
species is also shown as percentage. The measured species are shown in boxes.  
 It is important to recall that USC II predicted the weak flame position but underpredicts the 
quantitative fuel consumption at the exit of reactor. Hence, to predict the CH4 consumption correctly 
at higher equivalence ratios, the modification should be such that the weak flame chemiluminescence 
profile is unaltered. 
As OH radicals are crucial for CH4 consumption, important reactions for OH production are shown in 
Fig. 11 for ɸ = 2.0 and 6.0. The major reactions for OH production are similar, however, the relative 
contribution of reactions differs widely among models. OH production by all reactions decreases with 
increasing equivalence ratio, except for H2O2 (+M) <=> 2OH(+M). Hence, H2O2 decomposition is the 
most important reaction for OH production in the ultra-rich condition (ɸ = 6.0). Other reactions from 
H2-O2 system become less important for OH production at ɸ = 6.0. SD 2016 has higher contribution 
from CH3+O2 <=> CH2O+OH and H2O2 (+M) <=> 2OH(+M) as it prescribes comparatively higher 
rate constants for these reactions. GRI 3.0 has comparatively higher contribution from CH3+HO2 <=> 
CH3O+OH and CO+HO2 <=> CO2+OH due to comparatively higher rate constant for these reactions 
in GRI 3.0.  
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 Fig. 11. Rate of OH production from important reactions integrated over the reaction zone at ɸ = 2.0 
and 6.0 with four considered mechanisms. 
Now, we turn back to the reaction path description. Once formed, CH3 radicals are mainly oxidized by 
O2 or HO2 to CH2O or CH3O at intermediate temperatures, whereas in higher temperature premixed 
flames these are mainly oxidized by O radicals [38]. CH3 radicals also recombine to form C2H6. There 
is big disagreement among models for the pathways leading to CH3 consumption. In GRI 3.0 
CH3+HO2 <=> CH3O+OH accounts for 36.4% of total CH3 radical consumption (at ɸ =6.0) which is 
more than twice of that by other models. Also, due to higher rate of CH3O formation, its decomposition 
is also higher which creates H radicals. Both, H and OH radicals lead to higher CH4 consumption. In 
SD 2016 CH3 radical is mainly oxidized by O2 which accounts for 33.8% of total CH3 radical 
consumption (at ɸ =6.0) which creates higher amounts of OH leading to higher rate of CH4 
consumption. Comparatively, KAUST (USC II) and ARAMCO 1.3 show lower conversion of CH3 
radical to oxidized products and thus lower OH and H production compared to GRI 3.0 and SD 2016. 
This leads to comparatively lower rate of CH4 consumption. KAUST(USC II) and ARAMCO 1.3 also 
show that CH3 radical plays a more significant role in consumption of CH2O, C2H6 and C2H4 compared 
to GRI 3.0 and SD 2016 which creates back CH4 and thus the mole fractions of CH4 are comparatively 
higher, particularly, in ARAMCO 1.3. For the mechanisms that overpredict CH4 mole fractions, mole 
fractions of other measured species would be underpredicted. CH2O is mainly consumed by H at ɸ 
=2.0 and by CH3 at ɸ =6.0 to form HCO. I a , SD 2016    a  CH2O+CH3 
<=> CH4+HCO. Importance of CH2O consumption pathway also differ widely among mechanisms as 
can be seen from Fig. 10. CH2O consumption by O and OH decreases with increasing equivalence 
ratio, whereas consumption by O2 and HO2 increases with increasing equivalence ratio.  
CO is mostly formed by reaction of O2 with HCO or decomposition of HCO. The prediction of CO 




































































proportions of CH3 being oxidized have higher mole fractions of CO compared to KAUST(USC II) 
and ARAMCO 1.3. 
CO2 is formed by reaction of CO with OH and HO2. GRI 3.0 and SD 2016 predict higher contribution 
from CO+HO2 whereas KAUST (USC II) and ARAMCO 1.3 predict similar contributions from both 
reaction pathways. Nonetheless, it seems that CO+HO2 <=> CO2+OH is an important reaction in 
current conditions which has been found to be important only in higher pressure conditions [72] and 
not so in flow reactor at similar temperatures [26,27] or laminar premixed flames at temperatures 
above 1600 K [38]. Interestingly, GRI 3.0 slightly underpredicts CO mole fractions but overpredicts 
CO2 at higher equivalence ratios which is due to higher rate constant of CO+HO2 <=> CO2+OH 
employed in GRI 3.0. The rate of this reaction has been studied theoretically [72] and lower rate 
constant than that employed by GRI 3.0 was suggested which is employed in USC II and ARAMCO 
1.3 models. The current measurements also indicate that rate constant of CO+HO2 <=> CO2+OH 
should be lower than that used in GRI 3.0. This is because, if the CO predictions are increased 
somehow to match the experiments, the higher rate of CO+HO2 <=> CO2+OH would overestimate 
CO2. 
The reaction path in current conditions is markedly different compared to high temperature reaction 
pathways of fuel-rich methane/air flames. There is significant disagreement among kinetic models for 
the consumption pathways of all species along the reaction path. GRI 3.0 and SD 2016 show higher 
proportion of CH3 being oxidized due to higher rates of R1 and R2, hence, predict higher mole 
fractions of CO and CO2. It appears that detailed mechanisms like KAUST (USC II) and ARAMCO 
would need some modifications to predict all the species in fuel-rich and low to intermediate 
temperature methane/air combustion. 
C2 species reaction path 




































































of current experiments which corresponds to pyrolysis part of the kinetics. C2H6 is formed by CH3 
recombination and consumed by CH3, OH, and H with small contribution from O and HO2 (only SD 
2016 and ARAMCO 1.3). At, ɸ = 2.0, C2H6 is mostly consumed by H attack followed by OH attack. 
 























































































































































































and 6.0 performed for the four kinetic models. The thickness of arrows is proportional to reaction rates 
integrated over reaction zone. The relative contribution of various reactions for consumption of a 
species is also shown as percentage. The measured species are shown in boxes.  
There is quantitative disagreement among mechanisms for C2H6 consumption pathways, particularly 
at ɸ = 6.0. GRI 3.0 and USC II predict higher contribution from H attack whereas, SD 2016 and 
ARAMCO 1.3 show higher contribution from CH3 attack towards C2H6 decomposition at ɸ = 6.0. The 
rate parameters of decomposition of C2H6 by OH and CH3 to form C2H5 vary by a factor of two to five 
among considered models at 1200 K. These rate parameters can be further optimized for low to 
intermediate temperatures as C2H6 is overpredicted by most models. 
C2H4 is formed from decomposition of C2H5 or a reaction of C2H5 with O2. The relative importance of 
these two reactions is not so clear in the current conditions. GRI 3.0 shows higher contribution from 
the reaction of C2H5 with O2 and other mechanisms show higher contribution from decomposition of 
C2H5 towards the formation of C2H4. It should be noted that rate parameters for reaction of C2H5 with 
O2 is not studied experimentally but its rate parameters have been studied theoretically [74]. SD 2016 
includes a reaction of C2H5 with O2 which forms C2H4 via an adduct C2H4OOH. C2H4 is consumed by 
H, OH, CH3 and O. C2H4 consumption by H, OH and O decreases, whereas that by CH3 increases with 
increasing equivalence ratio. C2H4+O leads to three different products, all being branching reactions; 
two are oxidized products HCO+CH3 and CH2CHO+H, whereas, third is C2H3+OH. This third route 
which creates OH radical is included only in KAUST (USC II) model. C2H4+CH3 <=> C2H3+CH4 is 
an important reaction for consumption of C2H4 with GRI 3.0, KAUST and ARAMCO 1.3 in ultra-rich 
equivalence ratios, but this reaction is not included in the SD 2016 mechanism. In fuel-rich CH4/air 
flames, it is highly probable that the CH3 radical will be one of the most important radicals for 
consumption of stable intermediates and hence exclusion of its reaction with a stable species will lead 
to less consumption of concerned stable species. Inclusion of this reaction in SD 2016 improves the 




































































to be insignificant even at higher equivalence ratio of 5.0 [27]. ARAMCO 1.3 shows that 71% of C2H4 
consumption is due to attack of CH3, whereas GRI 3.0 and USC II show around 40% contribution at 
equivalence ratio of 6.0. There are two sources of rate parameters of this reaction, one is the optimized 
version used in GRI 3.0 and other is from a kinetic database [75] by Tsang et al. They note that, this 
reaction can have an uncertainty of a factor of five. ARAMCO 1.3 uses the rate constant which is five 
times higher than that used in USC II. So, this reaction has larger contribution in ARAMCO 1.3. Only 
ARAMCO 1.3 underpredicts C2H4 mole fraction at higher equivalence ratio of 6.0 which is due to 
larger consumption by above equation. It seems likely that the appropriate rate parameter for this 
reaction is lower than that used in ARAMCO 1.3.   
C2H2 is mainly formed by reaction of C2H3 with O2 or decomposition of C2H3. The reaction of C2H3 
with O2 has three different products and two channels lead to oxidized products. These reactions have 
been mostly theoretically studied [76-79] and there is still some uncertainty in rate parameters for 
these reactions. The temperature above/below which the pathways change reactivity is also uncertain. 
C2H3+O2 <=> C2H2+HO2 is not included in ARAMCO 1.3 based on suggestions of theoretical work 
[71, 74], but this can be an important reaction for C2H2 formation in current conditions as it accounts 
for at least half of C2H2     . It is important to recall that C2H2 
mole fractions are highly underpredicted in the current conditions. Consumption pathways of C2H2 are 
very different among the mechanisms. C2H2 consumption reactions by O leading to HCCO and CO 
are included in all the mechanism but consumption by OH is included only in SD 2016 and ARAMCO 
1.3. The reaction C2H2+CH3 <=> C3H4+H is not included in GRI 3.0 and SD 2016, but it will be very 
important in fuel-rich methane/air flames and as a route to form higher hydrocarbons leading to 
aromatics and soot. This omission is understandable as these models are optimized for natural gas and 
C2H2 combustion not far from stoichiometry where this reaction would be of little significance. The 




































































concentration of HO2 radicals in the current experiments as can be seen from Fig. 13. This reaction 
has been found to be very important for predicting ignition delay times of C2H2 at high pressure of 10 
bar [80]. Similar to current experiments, HO2 radicals have high concentration in high pressure 
conditions. This reaction has been recently proposed and studied [81].  
 
Fig. 13. Radicals in fuel-rich methane/air weak flames at ɸ = 6.0 computed by KAUST (USC II) 
model. 
 
It is found that reactions of CH3 radical with stable species like CH2O, C2H6, C2H4 and C2H2 are very 
important for their consumption in the current fuel-rich methane/air flames. Hence, present 
measurements could help to better quantify these reactions. Also, there exists large discrepancy among 
models for prediction and reaction pathways of C2 species formation and none of the models predicted 
all the species accurately. Accurate modeling of C2 species formation is crucial to build models for 
aromatic and soot formation as these are important aromatic precursors in fuel-rich methane/air flames. 
In future, extensive species measurements in current MFR would be undertaken to propose modified 



























































































Fuel-rich non-sooting mixtures of CH4 and air for equivalence ratio ranging from 1.7 to 6.0 were 
studied using a micro flow reactor with a controlled temperature profile at maximum temperature of 
1190 K. Experimental weak flames were captured for equivalence ratio of 2.0 and 6.0 and compared 
with computations. KAUST (USC II) model predicts weak flame positions well at both ɸ =2.0 and 6.0. 
The models using higher rate constants for CH3+O2 <=> CH2O+OH and CH3+HO2 <=> CH3O+OH 
predict upstream weak flame positions and thus higher reactivity. These reactions are very important 
in rich methane/air weak flames. Major species, CH4, CO, CO2, C2H6, C2H4 and C2H2 were measured 
in rich CH4/air mixtures for equivalence ratios 1.7, 2.0, 3.0, 4.0 and 6.0. Computations were performed 
for mole fractions of measured species using existing chemical mechanisms (GRI 3.0, SD 2016, 
KAUST (USC II) and ARAMCO 1.3) and compared with measured mole fractions. It was observed 
that the relatively less detailed mechanisms, GRI 3.0 and SD 2016 showed better predictions compared 
to more detailed mechanisms, KAUST (USC II) and ARAMCO 1.3. However, all the used 
mechanisms underpredicted the formation of C2H2. Reaction path analysis using all four mechanisms 
were performed and significant differences were observed in the consumption pathways of major 
species. HO2 radicals are found in significant amount in current conditions, thus, the reaction, 
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